Purpose: Conditions of poor oxygenation (hypoxia) are present in many human tumors, including cervix cancer, and are associated with increased risk of metastasis and poor prognosis. Hypoxia is a potent activator of the PERK/eIF2a signaling pathway, a component of the unfolded protein response (UPR) and an important mediator of hypoxia tolerance and tumor growth. Here, the importance of this pathway in the metastasis of human cervix carcinoma was investigated.
Introduction
The microenvironment of solid tumors is profoundly different from that of the normal tissues from which they derive. Tumor proliferation coupled with insufficient vasculature results in poorly oxygenated (hypoxic) regions where oxygen and nutrient demand exceeds supply. Clinical studies have established an association between tumor hypoxia and poor patient prognosis in several tumor types. For example, large clinical studies have shown that the hypoxic fraction measured by oxygen electrodes is prognostic in uterine cervix and head and neck carcinoma (1) (2) (3) . Tumor hypoxia negatively impacts prognosis by conferring resistance to both radio-and chemotherapy and also induces biologic changes that promote increased malignancy, including metastasis (4) (5) (6) . Studies in both cervix carcinoma and soft tissue sarcoma have shown that patients with hypoxic tumors are more likely to fail therapy due to distant metastases (4, 5, 7) . Likewise, a recent study in prostate cancer has identified tumor hypoxia as an independent predictor of biochemical relapse, but only within the first 48 months of completing treatment, suggesting the presence of subclinical metastatic disease at time of treatment in patients with hypoxic tumors (8) . Laboratory and animal models support a direct role for hypoxia in promoting metastasis. In vitro hypoxia exposure has been shown to potentiate experimental metastasis of several cancer cell lines when injected into mice (9) (10) (11) (12) . Moreover, increasing tumor hypoxia by subjecting tumor-bearing animals to periodically breathe low-oxygen gas increases metastasis in a number of models, including an orthotopic model of human cervical carcinoma (13) (14) (15) .
Tumor cells respond to hypoxia through several adaptive oxygen-sensitive signaling pathways. This includes activation of the hypoxia-inducible factor family of transcription factors (HIF), which regulate the expression of many genes involved in metabolism and angiogenesis (16) . Hypoxia also acts as a potent activator of the unfolded protein response (UPR), an evolutionally conserved program that responds to endoplasmic reticulum (ER) stress (17) (18) (19) . The UPR consists of 3 signaling pathways initiated by PKRlike ER kinase (PERK, also known as EIF2AK3), inositolrequiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6). Several studies have shown that both PERK and IRE1 arms of the UPR are strongly activated by hypoxia and important for the tolerance of tumor cells to hypoxic stress (19) (20) (21) (22) . PERK activation leads to a rapid inhibition of protein synthesis during hypoxia through phosphorylation of the a subunit of eukaryotic translation initiation factor 2 (eIF2a) on Ser51 (18) . Paradoxically, eIF2a phosphorylation also results in selective translation of activating transcription factor 4 (ATF4) due to the presence of an unusual 5 0 -untranslated region (UTR) that contains multiple upstream open reading frames (17, 23, 24) . ATF4 initiates a widespread transcriptional response that mediates adaptation to ER stress (25) . ATF4 promotes hypoxia tolerance directly by inducing LC3B (MAP1LC3B) that enables high rates of autophagy required to protect hypoxic cells from cell death (26) . Finally, ATF4 also initiates a negative feedback loop by inducing growth arrest and DNA damage-inducible protein 34 (GADD34, also known as PPP1R15A), which promotes dephosphorylation of eIF2a and restoration of protein synthesis (27) .
Several studies have shown that HIF1 activation can regulate pathways involved in metastasis (28, 29) . Direct or indirect targets of HIF1 include genes that regulate the epithelial and mesenchymal transition (EMT), matrix metalloproteinases (MMP), and lysyl oxidase (LOX), which is involved in the establishment of the premetastatic niche (30) (31) (32) . The relevance of UPR signaling in hypoxiainduced metastasis has not been examined. However, we recently showed that expression of a putative metastasispromoting gene, lysosomal-associated membrane protein 3 (LAMP3) is strongly induced by hypoxia in a PERK/ATF4-dependent and HIF-independent manner (33) . LAMP3 has been hypothesized as a potential mediator of metastasis and is overexpressed in several cancer types (34) . Here, we examined the expression and hypoxic regulation of LAMP3 in primary human cervix tumors with known oxygenation status. We have also created a series of isogenic and inducible cell models and used these in an orthotopic model of cervical cancer to test the contribution of PERK and LAMP3 in hypoxia-induced metastasis in vivo.
Materials and Methods

Cell models and hypoxia exposure
The ME180 (human cervix carcinoma; normal LAMP3 gene copy number) cell line with doxycycline-inducible expression of the hamster GADD34 C-terminus (GADD34-C) (35) was created using the Flp-In T-Rex system according to the manufacturer's instructions (Invitrogen). ME180 cells (a kind gift from Dr. Richard Hill, Princess Margaret Cancer Centre, Toronto, ON, Canada) were transfected with a pRetroSuper vector containing a short hairpin against LAMP3 to generate stable LAMP3 knockdown cells (shLAMP3) or with an empty vector (EV control). All cell lines have been authenticated using short tandem repeat (STR) profiling conducted by The Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada. For anoxic exposure, cells were transferred into a H85 HypOxystation hypoxic incubator (Hypoxgyen). The composition of the atmosphere in the incubator consisted of 5% H 2 , 5% CO 2 , 0.0% O 2 , and residual N 2 .
RNA isolation and quantitative PCR analysis
Total RNA isolation and quantitative real-time PCR were carried out as previously described (33) . Relative transcript abundance was determined using the standard curve method and normalized to 18S rRNA expression.
Western blot analysis
Cell lysis and immunoblot analysis was conducted as described previously (33) . For the detection of phosphorylated eIF2a, cells were lysed in 20 mmol/L HEPES, 100 mmol/L KCl, 5 mmol/L EDTA, 10% glycerol, 0.5% Triton-X, 0.005% SDS, and 1 mmol/L dithiothreitol (DTT) supplemented with Halt Phosphatase Inhibitor Cocktail
Translational Relevance
Tumor hypoxia promotes both treatment resistance and metastasis. Large well-controlled clinical studies have shown a clear association between primary tumor hypoxia and distant metastasis that influences overall survival. Here, we report that the unfolded protein response (UPR), a prosurvival pathway that is activated during hypoxia, is also an important mediator of metastasis in human cervix cancer. We found that the UPR target gene LAMP3, a putative metastasis-promoting gene, is regulated by hypoxia in primary human cervix cancer biopsies obtained from trials where hypoxia was measured using oxygen needle electrodes. Furthermore, we developed isogenic, orthotopic cervical models and could show a direct role for UPR signaling and specifically LAMP3 in promoting hypoxia-induced metastasis to the lymph nodes. Collectively, our findings show that hypoxic activation of the UPR is a driver of metastasis and a contributor to the poor prognosis of patients with cervical cancer.
(Thermo Scientific). See Supplementary Materials and Methods for antibodies used.
Spontaneous metastasis assay and cyclic hypoxia treatment
Orthotopic implantations were conducted as described previously (13) . Expression of the GADD34-C transgene was induced 8 days after implantation by administration of doxycycline (2 g/L in 5% sucrose) in the drinking water of the animals. The cyclic hypoxia treatment was started the following day (day 9) and consisted of alternating exposure to 10 minutes of 7% oxygen and 10 minutes of standard laboratory air for a total of 4 hours a day, 7 days a week until 24 hours before sacrifice, as described previously (13, 36) . Upon sacrifice, the primary cervix tumors were removed and colonized lymph nodes of the pelvic nodal chain, which at this point are visible to the naked eye, were counted. The chain consists of a total of 8 nodes, aligned in 4 pairs. Metastatic efficiency was expressed as the total number of colonized lymph nodes per animal, or as metastatic score, which was calculated using the formula:
where p 1 is the number of involved nodes for lymph node pair 1, p 2 is the number of involved nodes for lymph node pair 2, etc. Pair one and pair two were given an equal weight because they are located at a similar distance from the primary tumor and colonization of pair one has been shown to be independent of hypoxia exposure (13) . To identify viable hypoxic cells, animals were injected with the hypoxia marker drug EF5 [2-(2-nitro-1H-imidazole-1-yl)-N-(2,2,3,3,3-pentafluoropropyl) acetamide], obtained from Dr. Cameron Koch (University of Pennsylvania), 4 hours before tumor excision (100 mmol/kg intraperitoneally). All animal experiments were carried out according to the regulations of the Canadian Council on Animal Care.
Immunohistochemical staining and image analysis
See Supplementary Materials and Methods for the staining protocols. Images were analyzed using Definiens Tissue Studio software, which allows for semi-automatic histology image analysis. Briefly, the software was trained to identify viable tumor areas, necrotic areas, tumor stroma, and empty areas within the scanned section. For primary human cervix carcinoma biopsies, the average LAMP3 staining intensity within the tumor areas was measured as well as the LAMP3-positive area above a background threshold obtained from the average intensity of all patient sections. The product of average staining intensity and fractional labeled tumor area was calculated for each case to represent relative protein abundance. Two sections per case were stained and analyzed at different times.
FISH analysis
The LAMP3-containing clone RP11-1012H23 was selected from the Human UCSC Genome Browser assembly (Feb.2009 CRch37/hg19) and obtained from TCAG Genome Resource Facility (Toronto, ON, Canada). Before experiments, the RP11-1012H23 probe was verified on normal blood metaphases to confirm its correct location on chromosome 3q27. The BAC probe was used along with centromeric probes CEP3 (labeled with SpG) and CEP7 (labeled with aqua) purchased from Abbott Molecular and used as internal controls. FISH was conducted on paraffinembedded tissue microarrays (TMA). See Supplementary Materials and Methods for protocol. Hematoxylin and eosin (H&E)-stained adjacent TMA sections were compared with FISH stained slides to properly identify tumor cells. Hundred nonoverlapping, intact cells were scored for each case. Total LAMP3, CEP3, and CEP7 signal was determined for each case and subsequently the LAMP3 to CEP3 and LAMP3 to CEP7 ratio was calculated. A ratio of 1.5 or higher was considered an abnormal signal.
Patients and oxygen measurements
Biopsies were obtained from a previously described group of patients with uterine cervix cancer enrolled in a single institutional prospective study (37) . Written informed consent was obtained from each participant before study entry and the Research Ethics Board at the Princess Margaret Cancer Centre approved the trial. The clinical characteristics of the group of patients with LAMP3 protein expression (IHC) are found in Supplementary Table S1 . The first date of treatment in this group was January 25, 2000 and the last April 25, 2007 . The median follow-up is 5.9 years (range, 0.8-10.6).
Statistical analysis
Unless stated otherwise, the 2-sample Student t test or one-way ANOVA with Bonferroni's post hoc test were used to test for differences in numerical data. Correlations between 2 continuous variables were measured using Spearman's correlation. Linear regressions were used to assess the associations between LAMP3 expression and clinical variables (nodal status, FIGO stage, and grade). Analyses were done using R version 2.12.1 and GraphPad Prism 5. Two-sided P values of less than 0.05 were considered statistically significant.
Results
LAMP3 expression correlates with hypoxia in primary human cervix tumors
We recently showed that LAMP3, a protein implicated in cervical cancer metastasis, is induced by hypoxia through activation of the PERK/eIF2a/ATF4-dependent arm of the UPR (33) . To evaluate the clinical relevance of these findings, we investigated whether hypoxia also influences LAMP3 expression in patients with cervical cancer, a disease in which hypoxia is associated with increased metastasis and poor overall survival (5, 7). LAMP3 was examined in a cohort of cervical carcinoma patient samples obtained from clinical trials at the Princess Margaret Cancer Centre in which patient tumors had been previously assessed for hypoxia with oxygen needle electrodes before treatment. LAMP3 expression was assessed in the same patients at both the mRNA and protein levels. As copy number gains and amplifications of LAMP3 have been reported in cervix cancer (38), we also assessed LAMP3 copy number aberrations using FISH. Consistent with previously reported results, genomic gains or amplifications in LAMP3 were observed in 38% of all cases examined (Fig. 1A) . A weak but significant relationship was also observed between LAMP3 copy number (as estimated by FISH) and both LAMP3 mRNA and protein expression (Supplementary Fig. S1A and S1B, respectively). No LAMP3 copy number aberrations were identified in normal cervix tissue ( Supplementary Fig.  S1C ).
Using quantitative immunofluorescence, LAMP3 protein expression was measured specifically within the viable epithelial tumor areas (excluding stroma) of all patient biopsies as depicted in Fig. 1B . Tumor-infiltrating, LAMP3-positive, mature dendritic cells were also excluded from the analysis. As reported earlier (33), LAMP3 staining intensity was highly heterogeneous and the protein was found primarily on the plasma membrane. To examine the influence of hypoxia on LAMP3 expression, we separated patients into groups with normal LAMP3 copy number and those with gains or amplifications. Importantly, in patients with normal LAMP3 copy numbers, a positive and significant association between hypoxia (HP5) and LAMP3 expression was observed ( Table S2 ), whereas no such correlation was seen in the subset with copy number gains or amplifications in LAMP3. These data indicate that LAMP3 expression in cervical cancer is influenced through both genetic means (copy number gains and amplifications) and hypoxia. A subgroup analysis showed a positive relationship between LAMP3 expression and clinical stage at diagnosis, but again only in patients with normal copy numbers (Supplementary Table S3 ), indicating that LAMP3 may be one of the mechanisms through which hypoxia promotes more aggressive disease.
Generation of an isogenic inducible PERK signaling defective cervical cancer xenograft model
To address the functional importance of UPR and LAMP3 activation in hypoxia-induced metastasis, we focused first on the requirement for the PERK signaling arm. We selected the ME180 cervical carcinoma cell line that when grown orthotopically in the mouse cervix metastasizes to the lymph nodes in a hypoxia-regulated manner (13, 39) . We introduced a flippase recombination target site together with a tetracycline repressor into this line and tested its functionality by inserting a doxycycline-regulated eGFP reporter into the target site. Doxycycline resulted in strong induction of eGFP expression both in vitro and in vivo ( Supplementary Fig. S2 and Fig.  2A, respectively) . Importantly, the potential of the ME180 cell line to spread to the local pelvic lymph nodes when grown orthotopically was maintained ( Supplementary  Fig. S3A-S3C ) and doxycycline treatment alone had no effect on lymph node metastasis ( Supplementary Fig.  S3D-S3F) .
Next, we generated an ME180 subline with doxycyclineregulated expression of the C-terminal region of the hamster GADD34 protein (referred to as ME180-GADD34-C). Overexpression of this protein promotes dephosphorylation of eIF2a and thus prevents signaling through the PERK arm of the UPR (35) . Maximum induction of GADD34-C is reached after 8 hours of doxycycline treatment and persists for 48 hours (Supplementary Fig. S4A ). To test the functionality of these cells, we exposed them to the potent ER stress-inducing agent DTT. DTT induced strong phosphorylation of eIF2a in the ME180-GADD34-C cells (Fig. 2B,  lanes 2, 3, 5, 7) , which was prevented in cells exposed to doxycycline for 6, 16, or 24 hours (Fig. 2B, lanes 4, 6, 8 ).
Functionality was then tested in cells exposed to severe hypoxia (<0.02% O 2 ) by monitoring downstream activation of the UPR target gene CHOP. In doxycycline-free cells, hypoxia caused a rapid induction of both CHOP protein (Fig. 2C ) and mRNA ( Supplementary Fig. S4B ), which again was strongly inhibited in cells exposed to doxycycline. Importantly, inducible expression of GADD34 was also detectable in tumor xenografts at levels comparable to those in vitro (Fig. 2D) .
Disruption of UPR signaling inhibits hypoxia-induced lymph node metastasis
The metastatic potential of ME180 cells with intact versus defective PERK signaling was tested by implanting ME180-GADD34-C xenografts orthotopically and allowing them to establish for eight days before expressing the GADD34 transgene with doxycycline. This approach eliminates confounding effects of the transgene on primary tumor establishment, which is influenced by PERK (20) . Starting on day 9, tumor-bearing mice were exposed daily to a cycling hypoxia regimen that promotes lymph node metastasis in this model (ref. 13 ; Fig. 3A) . As observed previously, doxycycline-free tumors (with a functional PERK pathway) from hypoxia-treated animals were noticeably smaller than sham-treated mice ( Fig. 3B ; compare Àdox sham and Àdox hypoxia; refs. 13, 36). Doxycycline-induced disruption of Figure 3 . Inhibition of UPR signaling suppresses hypoxia-induced lymph node metastasis. A, timeline metastasis assay. Cervical tumors were initiated by orthotopic implantation of fragments derived from several different intramuscular ME180-GADD34-C tumors. B, size of orthotopic xenografts. The cervix tumors were excised and weighted at the end of the experiment (day 28). Each symbol represents a tumor from one animal. Horizontal lines represent the mean values for each group. Animals carrying tumors 2 SDs above or below group mean were excluded from analysis because of positive correlation between primary tumor size and lymph node metastasis (13) . Unpaired Student t test, one-tailed; Ã , P < 0.05; ÃÃ , P < 0.005. C, on the y-axis is shown the total number of colonized lymph nodes in each animal (of a total of 8). The size of the circle represents the number of animals (labeled in the center). D, on the y-axis is shown metastatic scores. The metastatic score for each animal was calculated using the formula:
I M i n j e c t i o n O r t h o t o p i c i m p l a n t a t i o n D o x y c y c l i n e S t a r t h y p o x i a S a c r i f i c e Doxycycline
where p1 is the number of involved nodes for lymph node pair 1, p2 is the number of involved nodes for lymph node pair 2, etc. The size of the circle represents the number of animals (labeled in the center). Mann-Whitney test, one-tailed; Ã , P < 0.05.
PERK signaling also reduced primary tumor size (compare Àdox and Àdox sham) but only in the air-breathing group. In agreement with previous publications, the control (doxycycline-free) group showed a trend toward increased numbers of lymph node metastases when exposed to hypoxia ( Fig. 3C and Supplementary Fig. S5A ; compare Àdox sham and Àdox hypoxia). In contrast, mice administered doxycycline to disrupt PERK signaling exhibited no evidence of increased metastasis when exposed to hypoxia (compare þdox sham and þdox hypoxia). The PERK signaling-deficient tumors produced similar numbers of metastases as controls under sham conditions but significantly less metastases than controls in the hypoxia-exposed group. Increased metastatic capacity in the ME180 orthotopic model is also reflected by colonization of more distal lymph nodes. To account for the location of involved nodes, we assigned weights to the 4 lymph node pairs based on their distance from the primary tumor and calculated a metastatic score for each animal. Similar to the effect on the total number of metastatic nodes, disruption of PERK signaling significantly decreased the metastatic score in hypoxia-treated animals ( Fig. 3D and Supplementary Fig.  S5B ). Together, these results indicate that the PERK/eIF2a arm of the UPR promotes both primary tumor growth and hypoxia-induced nodal metastasis.
LAMP3 promotes hypoxia-induced lymph node metastasis
To directly assess the involvement of the PERK target gene LAMP3 in hypoxia-induced metastasis, we introduced stable expression of a short hairpin RNA targeting LAMP3 in ME180 cells and showed that it fully abrogated the hypoxiainduced increase in mRNA and protein ( Supplementary Fig.  S6A and S6B, respectively). Xenografts established from LAMP3-knockdown cells also showed a marked reduction in LAMP3 protein expression in vivo compared with controls ( Fig. 4A and Supplementary Fig. S7 ).
Mice with orthotopic ME180 empty vector control and LAMP3-knockdown xenografts were exposed to the hypoxia regimen and assessed for primary tumor growth and metastasis to the pelvic lymph nodes. In contrast to disruption of PERK signaling (Fig. 3) , knockdown of LAMP3 did not adversely affect tumor growth, and in fact both sham-and hypoxia-treated groups showed a trend toward somewhat larger primary tumors compared with their respective controls ( Fig. 4B ; compare EV and shLAMP3 sham). However, despite this trend to somewhat larger primary tumors, LAMP3 knockdown prevented hypoxia-induced metastasis to the lymph nodes. The EV control group showed a significant increase in metastasis under hypoxia as assessed by both total number of metastases ( Fig. 4C and Supplementary Fig. S8A ) and metastatic score (Fig. 4D and Supplementary Fig. S8B ). In contrast, LAMP3-knockdown tumors showed no increase in the hypoxia treated group and in fact trended to have even fewer metastases than the sham-treated group. The results from this experiment suggest that hypoxia augments metastasis, in part, through the UPR-regulated gene LAMP3.
Activation of the PERK/eIF2a arm of the UPR promotes hypoxia tolerance
The potential mechanisms contributing to the defect in hypoxia-induced metastasis were investigated by characterizing the microenvironments of the orthotopic xenografts using IHC for vasculature, perfusion, and hypoxia. Although PERK signaling has been reported to regulate angiogenesis (21), we found no differences in vessel content or perfusion in the PERK signaling-deficient tumors exposed to sham treatment or to hypoxia (Fig. 5A and Supplementary Fig. S9 ). Several studies have also shown that activation of the PERK/ eIF2a/ATF4 arm of the UPR increases hypoxia tolerance and consequently promotes higher levels of tumor hypoxia (20, 26, 40) . The fact that the GADD34 tumors are smaller than controls is consistent with these observations (see Fig. 3B ). To directly test the contribution of PERK signaling to hypoxia tolerance, we conducted clonogenic assays under hypoxia in dox-treated and untreated cells in vitro. Figure 5B shows that ME180-GADD34-C cells are indeed significantly more sensitive to anoxia-induced cell death following doxycycline. However, the large variation in the fraction of hypoxic tumor cells as assessed by EF5 staining in vivo makes it difficult to rule out a small contribution to overall hypoxia between tumors with intact versus inhibited PERK signaling ( Fig. 5C and D) . Nonetheless, although PERK signalingdeficient cells are more sensitive to hypoxia-induced cell death, differences in the proportion of viable hypoxic cells in the primary tumor cannot account alone for the loss of metastasis in the PERK signaling-deficient group.
LAMP3 influences migration of hypoxic cells
Characterization of the microenvironment of sham-and hypoxia-treated tumors also showed no difference in angiogenesis in the control versus LAMP3-knockdown tumors ( Supplementary Fig. S10 ). LAMP3-deficient tumors did have a slightly larger hypoxic fraction compared to empty vector control tumors ( Supplementary Fig. S11A ), although this finding can be accounted for based on a strong relationship between primary tumor size and hypoxic fraction ( Supplementary Fig. S11B ). Unlike the PERK-deficient cells, LAMP3 knockdown and empty vector controls showed a comparable sensitivity to hypoxia-induced cell death in in vitro as assessed by clonogenic survival (Fig. 6A) . These data suggest that LAMP3 does not promote hypoxia-induced metastasis through regulation of angiogenesis and/or hypoxia tolerance.
Although we found no direct role for LAMP3 on hypoxia tolerance, knockdown of LAMP3 did reduce colony formation in soft agar ( Supplementary Fig. S12 ), an assay often used to assess anchorage-independent growth, a vital property of metastatic cells. We investigated a more direct role of LAMP3 in regulation of the metastatic phenotypes through a series of in vitro assays. First, we assessed migration under normoxic (21% O 2 ) and hypoxic (1% O 2 ) conditions in LAMP3 knockdown and empty vector control cells using in vitro Transwell migration assays. We found that LAMP3 knockdown resulted in a substantial loss in migration in this assay under hypoxic conditions (Fig. 6B) . Knockdown of LAMP3 in the highly migratory HeLa cell line also resulted in a substantial reduction in Transwell migration that was similar in magnitude to that observed in ME180 cells, although results in this line showed more variability (Supplementary Fig. S13 ). Second, cell motility was also evaluated in ME180 cells using a 3-dimensional (3D) spheroid migration assay. Multicellular spheroid cultures grown in a 3D environment are characterized by a necrotic core surrounded by viable hypoxic cells and thus mimic some of the properties of cells grown in vivo. We observed that migration of cells out of the spheroids was strongly reduced by LAMP3 knockdown (Fig. 6C) , reflecting impaired motility of the hypoxic LAMP3-deficient cells. Third, we measured cell migration in both ME180 and CaSki cell lines, which show similar migratory speeds, using the scratch wound-healing assay ( Fig. 6D and Supplementary Fig. S14A and S14B respectively). We found that in both cases, loss of LAMP3 slowed cell migration in this assay, although the magnitude of effects was much smaller than in the Transwell and spheroid migration assays. We also used the wound-healing assay to determine whether overexpression of LAMP3 was sufficient to promote migration, even under aerobic conditions. Indeed, overexpression of LAMP3 moderately increased the rate of wound closure ( Supplementary Fig.  S14C and S14D ). Taken together, these results are consistent with a model in which LAMP3 promotes metastasis during hypoxia by promoting cancer cell migration.
Discussion
Previous clinical studies have identified tumor hypoxia as an important predictor of metastasis in patients with cervical cancer treated with surgery and/or radiotherapy (5, 7). This includes previously published results from an ongoing study assessing hypoxia in patients with cervical cancer receiving radiotherapy at the Princess Margaret Cancer Centre (7) . In this study of 106 patients, hypoxia was shown to be a significant prognostic marker for overall survival in a multivariate model, and this effect was due primarily to differences in distant metastasis rather than local control. Here, we used biopsies from the same trial involving a similar group of patients with cervical cancer. Our data show that in these patients, LAMP3 expression is regulated by both genetic gains/amplifications of LAMP3 and tumor hypoxia. Similar to other studies in cervix cancer (38) , approximately 40% of all patients showed copy number aberrations and this was associated with increased LAMP3 mRNA and protein expression. However, in the other 60% with no copy number aberrations, we found that hypoxia was strongly and significantly associated with LAMP3 expression. We did not find a statistically significant association of LAMP3 with poor outcome in these patients, but this is likely influenced by the low statistical power of the study (hypoxic status also did not reach significance in this small cohort). However, the fact that LAMP3 is significantly associated with hypoxia, which has been shown to drive poor outcome in larger patient cohorts, strongly implicates LAMP3 as a contributor to metastasis in these patients. Our in vivo data support a role for the PERK/eIF2a/ATF4 arm of the UPR and LAMP3 in particular in hypoxia-driven metastasis. We have presented evidence for 2 different contributions of this pathway to hypoxia-induced metastasis. The first is through a direct influence on the tolerance of cells to hypoxia, as overexpression of GADD34 markedly reduced cell survival in cells exposed to hypoxia in vitro and also impaired tumor growth in vivo. These data are consistent with other reports showing that the UPR pathway is an important mediator of hypoxia tolerance and tumor growth by affecting cellular processes that include autophagy, angiogenesis, and pH regulation (19-21, 26, 41) . Tumor cells with a higher hypoxia tolerance, by definition, have a higher probability to escape the primary tumor and survive in an avascular metastatic site regardless of how or when they acquire other metastatic phenotypes. However, tolerance mechanisms cannot alone account for the PERK contribution to hypoxia-induced metastasis in our model. We did not observe significant differences in overall levels of hypoxia in the PERK signaling proficient and deficient tumors at the end of the hypoxia treatment schedule. Instead, our data suggest that PERK/eIF2a regulation of LAMP3 is a key driver of both the migratory phenotype and development of lymph node metastases in response to hypoxia. Silencing LAMP3 caused no reduction in hypoxia tolerance in vitro, hypoxic fraction in vivo, or primary tumor size but did effectively inhibit hypoxia-induced metastasis in vivo and hypoxia-induced migration in 3 different in vitro models. Interestingly, knockdown of VEGF-C signaling also achieves a reduction in hypoxia-induced metastasis in this model (36) . Thus, it is clear that multiple pathways are likely contributing and required to observe increased metastasis in response to hypoxia LAMP3 and its functional role in cancer have not been investigated in much detail. LAMP3 and other LAMP family members are lysosomal membrane glycoproteins characterized by a long luminal domain containing multiple Oand N-linked glycosylation sites as well as several disulfide bonds, a transmembrane domain, and a short cytoplasmic tail (42) . Cell surface expression of LAMPs is often observed in cancer cells and has been shown to correlate with the metastatic ability of colon carcinoma cell lines (43) . We identified LAMP3 as a hypoxia-responsive gene regulated by PERK/eIF2a signaling and showed that it is also found on the cell surface (33) . We also showed that LAMP3 is overexpressed in breast cancer (33) and moreover that it is an independent prognostic factor for locoregional control in a subgroup of patients treated with radiotherapy (44) . However, the biologic function of LAMP3 in migration and metastasis in tumor cells is not understood. LAMP1 was shown to be required for proper formation of membrane ruffles and filopodia in migrating tumor cells (45) and it is possible that LAMP3 exerts a similar function in response to hypoxia. A role for LAMP3 in cell-cell adhesion has also been proposed as it is a highly glycosylated protein that is often localized to the cell surface of tumor cells (42, 46) , and other LAMP family members have already been implicated in cell adhesion (47) . By mediating binding to endothelial cells for example, LAMP3 might facilitate tumor cell extravasation.
These data support accumulating evidence implicating ER stress responses as important contributors to aggressive hypoxic tumor biology (19, 26, 41) . This potential importance of ER stress responses in cancer has led to some attempts to identify and incorporate agents aimed at disrupting ER homeostasis either alone or in combination with conventional agents (26, (48) (49) (50) . Our findings suggest that such agents are likely to be most effective when given in curative settings in combination with conventional therapy or with other agents that target well-oxygenated cells. This approach would produce synergy not only by targeting distinct populations of cells in the tumor but also by targeting intrinsic mechanisms that enable the hypoxic cells to escape and colonize distant nodes or other organs.
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